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Effects  of  Misalignment  on  Propagation 
Characteristics  of  Transmission  Lines 
Printed  on  Anisotropic  Substrates 

T,  Q,  Ho  and  B.  Beker 


Abstract— The  speefral-doraain  method  is  applied  to  study  the  prop¬ 
agation  characteristics  of  grounded  transmission  lines  on  biaxial  sub¬ 
strates  whose  axes  are  misaligned  with  those  of  the  line.  The  three 
structures  under  investigation  are  the  grounded  siotline,  mkroslrip, 
and  the  edge  coupled  tine.  The  formulation  derives  an  expression  for 
the  Green’s  function  that  is  valid  for  substrates  which  are  simultane¬ 
ously  characterized  by  both  their  permittivity  and  permeability  ten¬ 
sors.  The  off-diagonal  elements  of  the  permittivity  tensor,  present  due 
to  the  misalignment  of  the  axes,  are  used  to  examine  (he  dispersion 
properties  of  these  transmission  lines  with  numerous  case-studies  pre¬ 
sented  for  different  angles  of  rotation. 


I.  Introduction 

Recently,  transmission  lines  on  anisotropic  maicnals  have  be¬ 
come  increasingly  more  attractive  in  microwave  and  millimeter 
wave  integrated  circuit  applications.  DifTercni  types  of  guiding 
structures  such  as  (he  microstnp  line,  coupled  line,  finlinc.  and 
slotline  on  simple  anisotropic  substrates  have  been  extensively 
studied  by  numerous  authors  in  the  past  Since  the  early  work  on 
microstrips  printed  on  sapphire  substrates,  which  was  presented  by 
Owens  ef  at.  11],  many  ocher  transmis,sion  lines  on  such  matenals 
have  also  been  examined  in  detail.  Included  among  these  studies 
is  an  open  sidewall  microstnp  which  was  analyzed  by  the  hybrid 
mode  approach,  described  by  Kl-Sherbiny  |2|  In  addition,  propa 
gation  charactcnstics  of  single  as  well  as  coupled  lines  on  planar 
anisotropic  layers  were  also  examined  via  the  method  ol  moments, 
as  documented  by  Alcxopoulos  el  al  (3)  Other  researchers,  such 
as  Nakatam  el  al  |4|.  have  extended  the  full  wave  analysis  to  study 
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sus()ended  simciures,  wtiile  Yang  .  a!  ]’>)  liase  e .uniiiieJ  iiic  dt; 
persive  pto()cttics  o!  a  Unhne  In  all  oi  tfic  jlofciiiciiitt’ncJ 
however,  the  anisotropy  of  a  substrate  was  icpiescmcd  b\  a  slug 
cnal  pcniiittiviiy  tensor  only 

Up  until  now.  there  have  been  only  a  lew  studies  dealing  wnti 
elTeeiS  of  misalignment  between  the  axes  o!  the  sulisitate  aru'  !h(,»se 
of  the  waveguide  on  the  dispcrsi.c  charai.  iciisik  s  ol  iransinissiim 
lines  pnnied  on  anisotropic  maicnals  .Maihernaiii.  alls  ,  sui  h  rlleess 
arc  included  by  the  presence  of  the  oil  diagutul  einuenis  in  itie 
pcrmutivity  tensor  Most  of  the  lescari  h  etfoits.  tiius  (,i!  (s.i»e  tx-en 
pnmanly  focused  on  open  transrnissiuii  lines,  with  the  most  gen 
cral  treatment  available  in  [61  Therein,  I  salarncngas  ei  al  have 
considered  an  open  microstrip  line  with  a  subsirnie  which  is  -har 
acienzed  by  geiierali/.cd  («l  and  jp)  tensors  In  then  analysis  they 
used  a  complicated  scmi-analylical  method,  however,  they  did  not 
provide  any  numerical  results  for  the  elfecis  oi  imsalignmem  on 
the  dispersive  piopcriics  of  the  structure  t.)n  the  other  hand,  for 
shielded  structures,  and  specifically  for  edge  coupled  imes  on  a 
boron  niinde,  Mostafa  er  al.  (7)  uscti  a  full  wave  solution  to  cal 
cuiate  their  dispersion  properties  for  domiriani  as  well  as  higher 
order  modes 

In  this  paper,  a  full-wave  analysis  apply  ing  the  sfvcctraTdormin 
technique  is  used  to  analyze  the  effects  of  misalignment  on  the 
propagation  charactcnstics  of  grounded  slolimes.  microstnp  line, 
and  edge  coupled  lines  printed  on  biaxial  substrates  The  material 
can  be  charactenzed  simultaneously  by  both  [veninltivity  and 
permeability  tensors,  with  the  rotation  of  the  principal  axes  re 
stneted  to  the  jscrmitiivtty  tensor  alone  Numerical  results  for  var 
lous  transmission  lines  are  examined  in  detail  with  respect  to  dif 
ferent  physical  dimensions  of  the  structure,  sub-siratc  parameters, 
and  angles  of  rotation  of  the  pnncipal  axes  of  the  penruttiviiy  ten 
sor 

II.  Ti-troRv 

The  speciHc  transmission  line  structures  under  consideration  arc 
shown  in  Figs  I,  2,  and  3  along  with  the  c<Kirdinate  system  used 
10  formulate  the  pmbicm.  All  metal  strips  arc  assumed  to  be  per 
fecily  conducting  and  infinitely  thin  The  substrate  whose  ilmk 
ness  is  h,.  is  lossless  and  is  characterized  by  its  fH-innttivity  and 
permeability  tensors 
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n.'.speclivcly  The  angle  0  is  the  rotation  .uigts  .'I  iln-  <  ,ni.l  >  pnn 
cipal  axes  of  the  tensor  wuh  respect  to  tfic  i  ,imS  i  ,  .'oidni.iir  .m  s 
of  the  .sinicture  about  the  common  r  axis 

The  vector  wave  equations  for  the  compi'iu-ni-,  .1  Uu  i-h-i  iris  .ind 

.  Ts-r-TriSiT)  ^  ^ 


Avart 

Sp 


iinis  u-ixo  U750'  t8l  ^  iW-’  It. I  t 


DTT^  0T7,xt 


IEEE  TRANSACTIONS  ON  MICROWAVE  THEORY  AND  TECHNIQUES.  VOL  40.  NO  5.  MAY  IW? 


magnetic  fields  within  the  biaxial  substrate  can  be  written  in  their 
compact  forms  as 

V  X  ■  V  X  E)  -  iJirl  ■  E  =  0  (2a) 


V  X  ([r]- 


V  X  H)  -  A'ImJ  ■  H  =  0, 


where  the  relative  (t]  and  t>i)  were  previously  defined  in  (1).  and 
kg  is  the  free-space  wave  number. 

The  Fourier  transform  of  any  field  component  within  the  housing 
is  defined  via  the  following  integral  relation 


f*/ 

P(x,  a)  = 

-6 


F{x.  y)  e^’  dy 


a  =  (2n  -  l)/b  (3b) 

with  a  being  the  discrete  Fourier  transform  variable  and  with  b 
being  the  dimension  of  the  broad  sidewall  of  the  waveguide.  When 
(2a)  and  (2b)  are  simplified,  they  can  be  reduced  to  a  set  of  scalar 
coupled  difTerential  equations  for  £,  and  which  are  given  by 

d^Eyix,  a)  d£y(x,  a)  ^ 


+  yt£y(x,  a)  =  0 
d^£^(x,  a)  d£,0c,  a) 


+  Z2£i(X,  or)  +  Z3 


d£.(x,  or) 


+  Zi£y{x,  or)  =  0 

with  all  coefficients  appearing  above  defined  as 

t  7  ,  al,  /  \  lI  \ 
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where  0  is  the  propagation  constant  in  the  z-direction 

To  find  the  solution  for  either  £^  or  £..  (4a)  and  (4b)  can  be 
decoupled  yielding  a  fourth  order  differential  equation  for  either 
component  of  the  electric  field.  The  remaining  field  components  in 
the  planar  anisotropic  region  are  then  obtained  from  Maxwell’s 


equations  in  iemis  o<  £.  (as  shown  in  [1 1|).  whose  cxplii  n  exprcs 
sion  is  written  below 

£.{x,  a)  ■  A*  sin  (7,  »)  +  £*  sm  (7  x)  (5) 

with  (7,  )  denoting  the  propagation  consiants  of  fields  in  the  an 
isotropic  region  1  along  the  x  direction,  A*  and  fl'  conespondmg 
to  the  modal  amplitudes  of  and  cj  being  the  angular  frequency 
The  propagation  consianty  (7  ,  )  may  be  obtained  by  solving  a  founti 
order  charactenslic  equation  for  cither  £^  or  £.,  and  erpressed  in 
terms  of  a,  as  well  as  the  medium  parameters  of  the  substrate 

The  fields  inside  the  isotropic  region  2  can  be  derived  with  the 
help  of  the  potential  theory  In  general,  the  governing  equations 
for  the  two  potential  functions  within  this  region  can  be  wnticn  in 
terms  of  d>'  *  which  denote  the  potential  functions  for  the  3  M  and 
TE  modes,  respieciivcly  (.5) 

By  applying  the  boundary  conditions  *1  the  air-anisoiroptc  layer 
interface,  i.c  .  at  x  =  h,  a  set  of  matrix  equations  can  be  obtained, 
which  yields  an  expression  for  the  admittance  Green's  function 


given  below 

f_(a,  0)  y„(a,  0)  £y(h,,  a)  J„{a) 

f^(a.  0)  P„(a.  ^  I  L^,(A|.  o) 

whose  individual  matrix  elements  arc  defined  by 

P^(Qt.  0)  =  (,  +  •’  4.  {-(,♦  •  +  (,♦  }/{,,  ((A) 

?„(€.,  0)  =  (,♦’  4  {{,♦*  -  }/(,„  (6c) 

f„(a.0)  =  ^,'1''  +  {iafs'*'*  -  fjfe'i'-J/fn  (6d) 

P„(o.^  =  +  ‘  4  +  (,(,♦  }/(,o  (6e) 

♦  ^  tot  iyyhj).  (6() 

+  *  =  cot  (7.  /i|).  (6g) 

+  =  col  (7  .  h,).  (6h) 


The  remaining  con.stant.s  appearing  above,  namely  J 1  to  (  can  be 
related  to  constants  multiplying  the  sine  and  cosine  terms  in  field 
expressions  inside  the  ani.sotropic  and  isotropic  regions,  as  shown 
in  (8]  and  |1 1]. 

To  find  the  propagation  constant,  0.  for  the  slot  line,  a  Galcrkin 
procedure  similar  to  that  of  19)-[U)  is  used  to  first  expand  the 
electric  field  components  £.  and  within  the  slot  in  terms  of  known 
basis  functions  (I  i].  After  the  basis  functions  arc  substituted  back 
into  (6a).  and  appropriate  inner  products  are  performed.  Parscval's 
theorem  is  applied  to  obtain  a  final  .set  of  algebraic  matrix  equations 
whose  determinant  contains  0. 

For  the  microstrip  and  edge  coupled  lines,  a  similar  approach  to 
the  one  u.sed  for  the  grounded  sloilinc  is  implemented  as  well  Ex 
cept  that  in  this  case,  the  impedance  Green's  function  and  the  cur¬ 
rent  basis  functions  on  the  metal  strips  are  used  instead.  Notice  that 
the  edge  coupled  line  is  capable  of  supporting  both  even  and  odd 
modes.  Therefore,  appropriate  choices  for  or.  J..  and  2,  must  be 
made  accordingly  during  the  computation  of  (he  propagation  con¬ 
stant  (7). 

[II  RlSUtTS 

To  venfy  the  theory  presented  in  this  paper,  dispersive  charac 
teristics  of  the  edge  coupled  microstrip  line  on  a  boron  nitride  sub¬ 
strate  with  f,  .t  14,  (,  (,  =  5  12,  ft,,  -  ft,,  =  (X..  10  arc 

computed  and  comparcti  to  the  available  results  published  in  ihc 
literature  The  physical  dimensions  of  the  guiding  sinicturc  arc 
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ANGLE  IN  DECREES  AJWLE  in  DEGREES 


rig  1  Dispersion  curs-cs  {tS  -  0)  of  ilic  edge  coupled  line  printed  on  '  'f-  f^fl'fclive  dielectric  constant  versus  angle  of  the  slotline  on  PTI'E; 
boron  nitride  with  t,  -  -1.4,  =-  5. 12.  i,  =  5, 12.  b  =  8.5  mm,  /i,  =  15  <*■  °  ^  D  ^  ^ 

mm.  bj  =  1.0  mm.  w  1.5  mm,  and  S  ~  3.0  mm. . - _ data  D  6  M.  «i  =  5.56 . ),  with /i„  =  =  1.0./)  =  1.555  mm, 

computed  by  this  method  rj  o  (><,«,  i  data  reproduced  from  171  ^  °-25'f  mni,  /i,  3.301  mm,  and  w  =  0.254  mm;  at  frequencies  (a) 

40  GHz.  (b)  30  GMz.  and  (c)  20  GHz. 


taken  to  be  b  =  8.5  mm.  /i,  =  1.5  mm,  /tj  =  3.0  mm,  w  =  1.5 
mm,  and  5  =  3.0  mm.  Fig.  1  shows  the  normalized  propagation 
constant  (3(0/ kg)  plotted  as  a  function  of  the  rotation  angle  varying 
from  0“  to  90°  at  frequencies  of  10  and  20  GHz.  Alongside  the 
results  computed  by  the  method  pre.sented  here  are  also  the  results 
from  reference  [7];  and  as  can  be  clearly  seen,  a  good  agreement 
between  them  is  observed. 

The  effects  of  misalignment  on  the  dispersive  properties  of  trans¬ 
mission  lines  printed  on  biaxial  substrates  are  studied  next.  The 
two  chosen  materials  are  the  PTFE  cloth  and  glass  cloth.  For  the 
PTFE  cloth  when  its  principal  axes  are  aligned  with  those  of  the 
waveguide,  the  material  parameters  characterizing  the  substrate  are 
«i  =  2.45,  <2  =  2.89,  <3  =  2.95,  and  =  ytyy  =  =  1-0;  while 

for  the  glass  cloth,  they  are  given  by  f  |  =  6.24,  *2  =  6.64,  (3  = 
5.56,  and  =  p,,  =  /!„  =  1 .0.  Fig.  2  shows  the  response  of  the 
effective  dielectric  constant  of  the  grounded  slotline  printed  on  the 
PTFE  cloth  and  glass  cloth,  respectively.  The  physical  dimensions 
of  the  structure  used  in  computations  are  b  =  3.555  mm.  /i|  - 
0.254  mm,  =•  3.301  mm,  and  *v  -  0.254  mm  with  the  data 
calculated  for  angles  of  axes  rotation  changing  from  0°  to  90°,  at 
three  different  frequencies.  The  dispersion  curves  follow  a  specific 
trend,  indicating  that  as  the  frequency  increases  to  40  GHz, 
increases  correspondingly.  An  interesting  observation  can  al.so  be 
made  by  examining  this  figure  more  closely.  It  is  apparent  that  even 
though  for  the  glass  cloth  is  much  laiger  than  the  one  belonging 
to  the  PTFE  cloth  the  percentage  of  variation  in  of  the  fonner 
due  to  the  rotation  angle  is  noticeably  lower  than  for  the  latter 
Such  behavior  can  probably  be  attributed  to  the  fact  that  the  diag 
onal  elements  of  the  permittivity  tensor  for  the  glass  cloth  arc  nearly 
equal. 

Fig.  3  displays  the  results  lor  the  microstrip  line  when  the  same 
cloth  materials  arc  used  as  substrates,  with  the  dimensions  ol  the 
structure  given  by  b  ~  12.7  mm.  /i,  -  0.5  mm,  /12  =  12.2  mm, 
and  w  =  0.5  mm.  Once  again,  all  computations  were  carried  out 
at  frequencies  of  20  to  40  GHz,  and  the  behavior  of  f,|t  is  showing 
similar  behavior  patterns  to  those  seen  earlier  for  the  slotline,  in 
eluding  the  lower  sensitivity  of  the  effective  dielectric  constant  to 
angles  of  rotation  for  the  glass  cloth  substrate 

The  propagation  properties  ol  the  edge  coupled  line  on  the  PTFF 
cloth  arc  examined  next.  The  same  pcnnittiviiy  tensor  parameters 
(<i,  ti,  {3)  arc  employed  again  with  the  pertinent  dimensions  of  the 
structure  given  by  b  ~  7  0  mm,  h,  -  0  5  mm,  fij  =  3.0  mm.  and 
*v  =  0,5  mm.  Fig  4  illustrates  the  response  of  i,g  to  the  rotation 
of  the  principal  axes  ol  the  PTIT-.  cloth  las  a  function  of  the  strip 
spacing  S)  for  odd  anil  even  modes,  respectively.  From  these  re 


ANCLE  IN  DECREES 

Fig.  3.  Effective  dielectric  constant  versus  angle  of  the  microstnp  on  PTFE 

cloih  with  (i|  =  2.45.  (;  =  2.89.  i,  =  2,95 - )  and  Glass  cloth  («,  - 

6.24.  (2  =  6.64,  5.56  with  /i.,  -  -  |i.,  -  1.0,/)=  12.7 

mm.  A,  =  0.5  mm,  h,  =  12.2  mm,  and  w  =  0.5  mm;  ai  frequencies  (a) 
40  GHz.  fb)  30  GHz,  and  (c)  20  GHz. 
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ANCLE  IN  DECREES 

fig  4.  Effective  dieleclric  conslanl  versus  angle  ol  the  edge  coupled  line 
on  PTFE  cloth  wiih  ),  2  4.S,,,  2  89.,,  2  95,,.,,  . 

I  0.  /)  =  7  0  mm.  h,  0  5  mm.  h,  -  3  0  mm,  u  /)  5  mm,  and  /  -  fO 

titiz 

suits  it  IS  apparent  that  as  the  spacing  between  the  s.rips  increases. 

for  both  modes  approaches  the  same  limil.  which  im|)lics  that 
ihe  two  modes  arc  essentially  becoming  degenerate 

Finally.  lo  illustrate  how  the  tensor  elements  ol  the  pemieahilns 
would  change  the  elleclise  index  ol  refraction  niulcr  the  rol.iiion 
ol  the  pcnnmisiu  icnsnr.  mimenial  icsulis  loi  ihe  niKrostiip 
printed  on  a  sulisliate  llial  is  c  liarai  Icii/ed  by  lioili  its  l>iaxi,il  |i  | 
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Fig.  5  Effective  index  of  refraction  versus  angle  of  the  microstnp  with  t, 
=  9.6,  e,  =  10.4,  fy  =  8.2,  f>  =  12.7  mm,  ft,  =  0  5  mm,  6,  =  12  2  mm, 
w  =  0.5  mm,  and /  =  30  GHz.  (A)  =  *»„  =  I  0,  (B)  ji..  =  )i,. 

=  1.0  and  =  1.6,  and  (C)  /i„  =  1.0,  =  1.6,  and  ==  1  8 


and  [/tj  are  shown  in  Fig.  5.  The  physical  dimensions  of  the  guid¬ 
ing  structure  are  the  same  as  those  used  in  earlier  microstnp  line 
studies,  with  the  permittivity  tensor  parameters  chosen  to  be  t,  = 
9.6,  €2  =  10.4,  and  <3  =  8.2.  Dispersion  curves  A,  B,  and  C  show 
that  by  changing  the  material  from  being  magnetically  isotropic  to 
magnetically  biaxial  can  increase  the  effective  index  of  refraction 
considerably,  particularly  by  varying  the  element 


IV.  Conclusion 

An  analysis  based  on  the  spectral-domain  method  was  applied  to 
study  the  effects  of  misalignment  between  the  principal  axes  of  the 
substrate  and  those  of  the  waveguide  on  the  dispersive  properties 
of  grounded  slotlines,  microstrips,  and  edge  coupled  lines  printed 
on  anisotropic  substrates.  The  newly  derived  expression  for  the 
Green’s  function  is  written  explicitly  in  terms  of  both  (<]  and  1^1 
tensor  elements,  with  the  off-diagonal  elements  of  the  permittivity 
also  included  in  the  formulation.  The  dispersion  characteristics  of 
these  transmission  lines  are  examined  when  they  are  printed  on 
dielectrically  biaxial  substrates.  Numerous  results  are  provided  for 
different  medium  parameters  for  frequencies  up  to  40.0  GHz  when 
angles  of  axes  rotation  of  the  permittivity  tensor  change  from  0" 
to  90°.  Also,  the  variation  in  the  index  of  refraction  is  examined 
for  a  microstrip  line  printed  on  a  substrate  which  is  characterized 
simultaneously  by  both  its  permittivity  and  permeability  tensors  h 
IS  observed  that  misalignment  effects  on  the  dispersion  properties 
of  MIC’s  cannot  be  ignored,  even  at  the  lower  frequencies  for  some 
anisotropic  substrate  materials. 
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Analysis  of  an  In&nite  Array  of  Rectangulaiv^ 
knisotropic  Dielectric  Waveguides  Using 
’  Finite-Difference  Method 
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Carlos  l.c6(iidas  da  Silva  Souza  Sobrinho  and  Atli'lio  Giaroia 

/ 

ASUroc/— Tbe^nite-differeoce  meUiod  is  used  in  analysis  of  the 
propagation  characteristics  of  an  infinite  array  of  r^angular  dielec¬ 
tric  waveguides.  PmRular  attentkm  is  devoted  toAbc  mode  coupling 
analysis  and  a  comurison  with  results  from  yi  integral  equation 
mclhod  is  presented.  The  wave  cquatioo  is  soIvcrMn  terms  of  the  trans¬ 
verse  components  of  the  magnetic  field,  residing  in  an  eigenvalue 
problem  with  the  eliminatioD  of  spurious  mMcs.  T  he  formulalion  is 
general  and  may  be  applie^o  the  solution  of  other  problem.s,  including 
those  with  anisotropic  dieirarics  and  withru  continuous  variation  of 
the  index  of  refraction  profileNn  the  wavegide  cross  section. 


1  iNTROpUOTlON 

The  practical  application  of  die^tric  waveguide  in  millimcier 
wave  and  optical  integrated  circuilsidepends  critically  on  the  prop 
agation  characteristics  of  these  ufavrtuidcs  For  this  rca.son,  there 
has  been  increased  interest  in  methook  of  determining  these  char 
actcnstics  for  pr.aclical  diclgclrit  wsfycguiding  structurc,s  The 
point-matching  method  waynised  to  anmyze  the  two- layer  recian 
gular  cross  section  waveMide  (1).  The  fise  of  the  finiic-clcnicni 
mcihcrd  became  auraciiyc  after  the  elimination  of  the  spuriinis 
moilcs  (21  and  becauscyof  iLs  potential  of  sowing  nonhonlogencou^ 
and  anisotropic  wavMuides  1.1|.  (4)  The  el^ination  of  the  spu 
nous  modes  of  the  Xniic-diffcrencc  mclhod  h^  also  enhanced  ihc 
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